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Abstract
This thesis describes work done in characterizing a number of important atmospheric
trace gas species. There are two main components to this thesis. The first describes a
3 year measurement campaign of carbon dioxide, methane, nitrous oxide, carbonyl
sulfide, carbon monoxide, nitrogen dioxide, hydrogen cyanide and formaldehyde total
column amounts over Wollongong, in New South Wales, Australia (34.4°S, 150.9°E).
The measurements were made by the examination of the intensity of characteristic
absorption features observed in infrared spectra obtained by ground-based solar
spectrometry. Carbon dioxide, nitrous oxide and hydrogen cyanide total column
amounts increased over the campaign whilst a decrease was observed for carbon
monoxide and formaldehyde. A larger than expected decrease in the carbonyl sulfide
total column was also observed.
The second part of the thesis describes the investigation of the above methods
suitability as a possible measurement tool for trace gases in the remote marine
boundary layer. Spectra were collected at solar zenith angles greater than 90o above
the marine horizon on 4 days. Enhanced absorption features were observed for a
large number of species and a spectral region for the possible observation of
hypochlorous acid was identified. The experimental setup allowed for transmission of
some infrared radiation but not enough to generate a sufficient signal to noise ratio for
meaningful calculations to be made. Almost all absorption features were partially
saturated or had low signal to noise. Despite these problems, some simple changes to
the experimental setup may prove this to be a useful method with preliminary
calculations indicating high information content for the marine boundary layer in
solar spectra observed at zenith angles greater the 88o with signal to noise ratios of
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100. The use of narrower optical band filters for the collection of the dawn spectra is
recommended in a bid to increase the signal to noise ratio required for meaningful
observations of the marine boundary layer to be made.
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Chapter 1:

Introduction

1.1

Aims of this thesis

1

To master the operation of the remote sensing Fourier transform spectrometer
at the University of Wollongong and contribute to the ongoing collection of
atmospheric absorption spectra. (See Chapter 2 for further details).

2

To retrieve total column amounts of key atmospheric gases from the spectra
collected over the period of this study and in the two preceding years. (This
work is described in Chapters 3 and 4).

3

To investigate the possibility of studying the marine boundary layer using
solar remote sensing by obtaining spectra around dawn, when the Sun’s
radiation passes through the marine boundary layer. (This work is described in
Chapter 5).

1.2

Recent Changes in Concentrations of Atmospheric Trace

Gases
The changing chemical composition of the atmosphere since the industrial revolution
has become the focus of heated scientific, political and social debate in recent years.
The potential devastation of the planet by human induced climate change shapes the
political landscape of the entire world with the Kyoto Treaty, the Intergovernmental
Panel on Climate Change and the Copenhagen meeting attempting to influence policy
on this major issue. It is obvious that a high level of understanding of atmospheric
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composition and process is needed to ensure correct decisions can be made for the
future.
The Earth’s atmosphere is an ever-changing mixture of gaseous species which may be
subdivided into two broad categories. Those which do not absorb thermal infrared
radiation are known as non greenhouse gases and those which do absorb this radiation
are called greenhouse gases.
Non greenhouse gases compose the vast majority of the atmosphere with the dry
atmosphere containing approximately 78% nitrogen, 21% oxygen, 1% argon, some
helium, neon and hydrogen.

Greenhouse gases comprise a tiny portion of the dry atmosphere but are vitally
important in maintaining the planet’s temperature. They do this by absorbing a
portion of the Earth’s outgoing radiation. The radiation that is absorbed is thermal
infrared radiation. Absorptions of this kind result in an increase in the thermal energy
of the absorber which results in an increase in the thermal energy of the entire system.
This is known as the greenhouse effect and its absence from our atmosphere would
lead to 36K decrease in the planet’s surface temperature.
An extreme example of the greenhouse effect is found in the Venusian atmosphere
where carbon dioxide (CO2) is the most important greenhouse gas and composes 95%
of the atmosphere. Temperatures on Venus and Earth are theoretically similar in the
absence of greenhouses gases such as CO2. The actual temperature on Venus is
estimated to be 732K compared to 290K on Earth [2010]. This 442K difference in
temperatures is caused by the much larger amounts of greenhouse gases in Venus’
atmosphere.
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1.3

Water Vapour

Water is the most important greenhouse gas on Earth representing approximately 1%
of the entire atmosphere. It absorbs large amounts of the thermal infrared radiation.
An example of this can be seen from the synthetic atmospheric spectrum illustrated in
Figure 1. This spectrum was simulated under relatively dry arctic conditions as part
of the work in Meier et al,[2004a]. Despite the relatively low water content of the
simulated atmosphere the spectrum still shows large absorptions.

These large

absorptions trap a lot of heat which imply that water has a large effect on the
atmosphere’s temperature. The atmospheric lifetime of water is quite low however at
approximately 10 days. This rapid turnover of water vapour means that the effects of
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Figure 1 shows a simulated H2O solar spectrum from 500cm-1 to 10,000cm-1. This spectral region
was simulated under relatively dry arctic condition with a 70o Solar zenith angle Meier et al
[2004a]. Large absorption features make water vapour an important greenhouse gas.
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Evaporation of surface water is the main source of atmospheric water vapour. This
ensures that the highest atmospheric mixing ratio is located in the planetary boundary
layer, with the mixing ratio decreasing with altitude. The principal sink for water
vapour is through cloud formation and precipitation. Cloud formation occurs when
atmospheric relative humidity reaches and exceeds 100%.

Saturation water vapour

mixing ratios corresponds to 100% relative humidity. The water vapour mixing ratio
which corresponds to 100% humidity is temperature dependent.

Under colder

conditions the atmosphere can retain less water.

The main factors that determine the greenhouse effect of each particular atmospheric
trace gas are the area of its infrared absorption features, (which is indicative of the
total radiation which has been absorbed) and its atmospheric lifetime. Different
species absorb different relative amounts of infrared radiation.

The greenhouse

warming potential (GWP) of each species is a measure of its ability to absorb this
radiation over a 100 year period. The longer the lifetime and the greater its ability to
absorb infrared radiation the bigger its GWP will be. CO2 is assigned a GWP of one
so that all the warming potential of other gases can be compared to that of CO2.

1.4

Carbon Dioxide (CO2)

Carbon dioxide (CO2) has the biggest public profile of all greenhouse gases. It is a
relatively stable atmospheric molecule with a typical atmospheric lifetime of more
than a hundred years ensuring it is well mixed through the atmosphere. It also
absorbs a large amount of thermal infrared radiation as can be seen from an
examination of its infrared spectrum, Figure 2. These two factors make CO2 a very
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important greenhouse gas and so it is important to characterise the changes that are
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Figure 2 shows a CO2 spectrum simulated under arctic conditions at a solar zenith angle of 70o.
Large portions of the spectrum exhibit saturated spectroscopic features. These absorptions trap
outgoing infrared radiation from the Earth, thereby raising the Earth’s temperature.

The

current

CO2

global

average

molar

(http://www.esrl.noaa.gov/gmd/ccgg/trends/).

mixing

ratio

is

388.5

ppm

This represents a 100 ppm increase

since the start of the industrial revolution. A 1.4% rise per year was observed from
1960 to 2005 with a larger rate of increase of 1.9% over the 1995 to 2005 period at
Muana Lao, a northern hemisphere site [IPCC, 2007] see Figure 3 and Figure 4. An
annual cycle is observed in CO2 concentrations with a minimum occurring in summer
due to increased photosynthetic uptake of CO2.

This cycling occurs in both

hemispheres at different times of year [Bousquet et al., 1999].

The northern

hemisphere’s CO2 cycling dominates the global cycling due to the much larger
biosphere in the northern hemisphere [Conway et al., 1994; Keeling et al., 1995].
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CO2 volume mixing ratio (ppm)
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Figure 3 shows the historical weekly averaged CO2 atmospheric volume mixing ratio record from
Mauna Loa, Hawaii from the 1970’s to now. Due to its geographical remoteness Mauna Loa is
considered a clean air site and measurements from here can be considered as a good proxy for
background global concentrations of a number of trace gases.
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Figure 4 Recent CO2 volume mixing ratios measured at Mauna Loa, Hawaii. Both the strong
seasonal cycle and the upward trend are visible in the data.

Data recorded in September 2010 indicated a volume mixing ratio of 386.80ppm, an
increase of 1.6% from the 380.81ppm recorded in September 2007. These particular
dates are pointed out here as they correspond with the beginning and end of the
measurement campaign conducted at Wollongong as part of this thesis. It should be
noted that these data from Mauna Loa were obtained from a monitoring station in the
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northern hemisphere where the dominant sources of global CO2 are located and since
the inter-hemispheric mixing time can be of the order of a year then the time frames
for global CO2 growth are not directly comparable.

Natural sources of atmospheric CO2 are respiration, decomposition, oceanic
upwelling, biomass burning and volcanic eruptions etc. The large atmospheric
increases are a result of increasing anthropogenic sources such as fossil fuel
combustion, cement production and deforestation. Sinks for atmospheric CO2 include
oceanic uptake and photosynthetic uptake as well as stratospheric/mesospheric
destruction.

1.5

Methane (CH4)

Another important greenhouse gas is methane (CH4) and its infrared absorption
spectrum is shown in Figure 5. Today’s CH4 concentration of ~1774ppb is more than
double what it was (715ppb), at the start of the industrial revolution [IPCC, 2007] see
Figure 6 [Wuebbles and Hayhoe, 2002].

The principal sources of CH4 to the

atmosphere occur within the planetary boundary layer.

Anthropogenic sources

dominate the global budget and include mining, rice fields, ruminants, biomass
burning and waste treatment [Crutzen and Andreae, 1990].

Natural sources

contribute approximately 30% of the total with the main contributors being wetlands,
termites, oceans and hydrates[Conrad, 1996]
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Figure 5 shows a synthetic atmospheric CH4 solar spectrum calculated at a solar zenith angle of
70o. The spectrum was simulated under arctic conditions. Strong infrared absorption features
can be seen to cover a large portion of the infrared spectral region.

Figure 6 [Wuebbles and Hayhoe, 2002] shows the long term trend in surface atmospheric CH4 for
the last 400 years. These data were calculated from three Antarctic ice cores and from in situ
measurements of surface air.
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A recent unexplained halt to the increase of CH4 was observed between the mid
1990’s and mid 2000’s, see Figure 7, [IPCC, 2007] with the upward trend restarting
in the most recent years. CH4 has an atmospheric lifetime of approximately 10 years
[Lelieveld et al., 1998] and so is quite well mixed in the atmosphere. Its mixing ratio
decreases with increasing altitude and can be attributed to its principal sink, the
hydroxyl radicals’ which is photo-chemically produced in the stratosphere. Other
sinks include reactions with other atmospheric radicals such as atomic chlorine [Allan
et al., 2005; Platt et al., 2004] stratospheric destruction and soil sinks [Born et al.,
1988].

Figure 7 (IPCC 2007) shows the recent CH4 global mixing ratios reported from AGAGE surface
sites in red and from NOAA in blue. In panel (a) the thicker lines represent the deseasonalised
average from the two networks. The thinner lines are the global averages of from each network.
Both networks show a slowdown in the increase of the CH4 mixing ratio. Panel (b) shows the
annual rate of change of the CH4 mixing ratio and confirms the slowdown.
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1.6

Nitrous oxide (N2O)

The last of the main greenhouse gases is nitrous oxide (N2O). N2O is produced by
microbial action in water and soil [Peter Warneck, 2000]. Stratospheric photodestruction of N2O leads to a major source of NO and NO2. Its infrared spectrum is
shown in Figure 8. The preindustrial concentration of 270 ± 7ppb N2O increased to a
mixing ratio of 319 ± 0.12ppb in 2005 as shown in Figure 9 [IPCC, 2007]. The
annual growth rate has been constant over a number of decades at 0.26% per year,
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whilst the amplitude of the seasonal cycle reported at Cape Grim was 0.5%.
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Figure 8 shows a N2O spectrum simulated under arctic conditions at a solar zenith angle of 70o.
The infrared absorption features observed are not as intense as for previously mentioned
molecules.
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Figure 9 [IPCC, 2007] shows recent N2O monthly mean mixing ratios from both hemispheres.
Southern hemisphere mixing ratios, in green and black, are slightly lower than northern
hemisphere mixing ratios shown in pink and blue. The overall trends for both hemispheres are
very similar.

1.7

Other Gases of Interest in this Study

1.7.1 Carbon monoxide
Carbon monoxide (CO) is considered an indirect greenhouse gas because whilst its
own atmospheric lifetime is too short to have a very significant impact, it oxidises to
CO2 and thereby contributes indirectly to the enhanced greenhouse effect.
Tropospheric CO concentrations in the atmosphere are generally dominated by local
sources such as biomass burning events, fossil fuel combustion and industrial
emissions. Atmospheric production of CO is caused by oxidation of CH4 and other
hydrocarbons by the hydroxyl radical. The vertical profile of CO reflects this with the
maximum CO production occurring in tandem with minimum hydroxyl radical
concentration [Peter

Warneck, 2000]. CO has an atmospheric lifetime of

approximately 2 months [Novelli et al., 1998].
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1.7.2 Carbonyl sulfide
Carbonyl sulfide (OCS) is the principal sulfur reservoir in the atmosphere and
principally resides in the troposphere and lower stratosphere. The OCS mixing ratio
drops close to zero at about 25km altitude. The major sources of OCS are from direct
oceanic emissions, biomass burning and oxidation of atmospheric carbon disulfide
(CS2) and dimethylsulfide (DMS). Major sinks are uptake by plants, soils and
stratospheric oxidation to sulfate.
Current tropospheric concentrations of ~500ppb are reported globally with the local
total column amount at Wollongong previously reported as approximately 1 x1016
molecules cm-2 [Deutscher et al., 2006; Griffith et al., 1998]. An overall downward
trend in the OCS column has been reported from this site and quantified at -0.30 ±
0.12 % yr-1 from 1992 – 2004 [Deutscher et al., 2006]. The amplitude of the seasonal
cycle of the OCS column was also calculated in the same work as 11.4% with a mean
OCS total column of 1.07 ± 0 .03 x1016 molecules cm-2 [Deutscher et al., 2006]. No
long term trend in OCS has been concluded at this point in time. The global budget
of OCS is poorly constrained with the roles of a number of sources and sinks poorly
understood.

1.7.3 Nitrogen dioxide
Nitrogen dioxide (NO2) is considered a significant atmospheric pollutant due to its
role in the production of photochemical smog. Fossil fuel combustion accounts for the
vast majority of boundary layer NO2. NO2 is also formed naturally in the atmosphere
by lightning and natural ground based sources include plants, soil and water.
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The

major

source

in

the

stratosphere

is

photo

oxidation

of

N2O,

see:

http://www.environment.gov.au/atmosphere/airquality/publications/nitrogendioxide.ht
ml. NO2 has an atmospheric lifetime of hours [Peter Warneck, 2000].

1.7.4 Formaldehyde
Anthropogenic formaldehyde (H2CO) is produced by automotive, combustion and
industrial emissions. It is also a relatively stable product of the oxidation of CH4 and
other non-methane hydrocarbons with an atmospheric lifetime of approximately 3
hours in daylight [Peter Warneck, 2000]. In the marine atmosphere it is principally
derived from the CH4 pathway mentioned which leads to stability in the tropospheric
ratio of the two species to an extent.

It undergoes photodecomposition to CO

coupling the two cycles together [Peter Warneck, 2000].
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Chapter 2

Measurement Methods

Our scientific understanding of the atmosphere has been improved by three major
factors.

Firstly, the advent of new and improving atmospheric measurement

techniques has increased both the accuracy and precision of measurements. Secondly,
a large increase in the number of monitoring stations globally and satellite-based
sensors increases the global coverage of measurements. Thirdly, as we move to the
future our picture of atmospheric trends becomes more complete and improvements
can be made in atmospheric modelling experiments.
A large number of analytical techniques are employed in global monitoring of
atmospheric composition, including remote sensing. Remote sensing encompasses all
techniques where measurements are made from a distance, i.e. with no direct contact
with the sample. In this remote sensing experiment we use infrared spectroscopy to
make our atmospheric measurements.

The experiment employs the Sun as the

infrared source with the ground based spectrometer recording the solar intensity
across the infrared region under clear sky conditions. The resulting spectrum contains
information about the chemical composition of the atmosphere. In this study two
retrieval algorithms, GFIT and SFIT2, are used to extract the relevant information
from the recorded spectra.

2.1

Fourier Transform Spectroscopy

Fourier Transform Spectroscopy (FTS) is a spectroscopic analytical technique in
which

all

frequencies

of

incident

electromagnetic
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radiation are

detected

simultaneously. An FTS instrument is essentially a Michelson interferometer (see
Figure 10).

In a Michelson interferometer the incident radiation is split in two by a beamsplitter
which sends half the radiation to a fixed position mirror and the other half to a mirror
which moves in a plane orthogonal to that half of radiation. The two reflected portions
of the radiation recombine at the beamsplitter and travel to the detector.
In order to understand the physical process which occurs in the instrument consider
what would happen to a monochromatic wave (for example from the Helium Neon
laser) as it passes through the interferometer.
Fixed Mirror

Moving Mirror
Radiation
Source

Beamsplitter

Detector

Figure 10 shows the basic components of a Fourier transform spectrometer (FTS) – in essence a
Michelson interferometer.

The helium neon laser is a key component of the interferometer. This produces a
highly collimated narrow bandwidth of electromagnetic radiation, which may be
considered as monochromatic. The intensity of the electric field generating an electric
signal at the detector is dependent on the position of the movable mirror. When the
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movable mirror is the same distance from the beam splitter as the fixed mirror then a
maximum constructive interference occurs. This is because the reflected waves are in
phase as they recombine at the beamsplitter. This maximum occurs periodically when
the optical path difference is equal to an integral factor of the monochromatic
wavelength.
When the movable mirror is in a position such that the optical path difference is one
half a wavelength out of phase with the fixed mirror, then maximum destructive
interference occurs and a zero signal is generated at the detector. The intensity of the
generated signal can be seen as a sinusoidal function of the rate of change of the
optical path difference (a cosine wave). The optical path difference is equal to twice
the movable mirror’s displacement. The observation of this sinusoidal wave, from the
helium neon laser, tells us the position and velocity of the movable mirror at any time.
Determining a Fourier wave for a broadband source is just a more complex version of
the determination of the helium neon laser as described above. With a large number
of wavelengths present in solar radiation a larger number of time intensity samples
must be obtained to resolve the Fourier wave into its many component waves. This
process is performed by a fast Fourier transform [Brault and White, 1971; Forman,
1966] and a frequency versus electric field intensity spectrum is produced.

2.2

Solar remote sensing spectroscopy

In a typical spectroscopy experiment an electromagnetic radiation source is directed
through a sample. A detector records the electromagnetic intensity across the spectral
region of interest and an experimental spectrum is generated. This transmission
spectrum is indicative of the characteristics of the source radiation, the chemical
composition of the sample and the instrument line shape of the spectrometer recording
- 16 -

the spectrum. A plot of the negative log of the transmission versus wavelength yields
an absorption spectrum. In a solar spectroscopy experiment the sun is used as the
source and the detector is located such that the atmosphere, which is the sample, lies
between it and the sun (see Figure 11).

Sun and the Sun’s
Atmosphere

Thermosphere
Mesosphere

Stratosphere
Sample

Free Troposphere
Boundary Layer

Instrument

Figure 11: Schematic of the measurement set-up for a studying the Earth’s atmosphere using
Solar remote sensing Fourier transform spectroscopy.

The detector records the solar intensity across a spectral region and generates a
transmission spectrum. The wavelengths of the radiation which have been absorbed
tell us of the presence of particular molecules while the area of the feature is used to
determine the total column amount of each molecular species. The shape of the
feature can also contain information on the vertical profile of the trace gas in question.
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Figure 12 shows a solar transmission spectrum recorded over the spectral region from 2200 cm-1
to 3400 cm-1 on the 18 September 2009.

The spectrum was recorded at a solar zenith angle of

0

40 .

2.3

Infrared interactions with gaseous molecules.

The underlying principle of infrared spectroscopy is that a large number of gases exist
in a number of rotational and vibrational quantum energy states. Each gas molecule
may undergo a number of allowed transitions from one vibrational-rotational mode to
another. If the energy difference between the two states is equal to the energy
associated with an incoming photon, an increase in quantum energy level may occur
as the molecule absorbs the photon. This causes an absorption feature in the infrared
spectrum.

Conversely, when a transition occurs with an associated drop in the

quantum energy level of a molecule a photon of appropriate wavelength is emitted by
the molecule and an emission feature is observed. All transitions that result in a
change in the dipole moment cause such features and so the infrared region of the
spectrum contains a large number of features characteristic of atmospheric trace gases
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such as water, CO2, CH4 and N2O. Thus the positions of absorption lines
(wavenumbers) in the recorded spectra allow us to identify what gases are present in
the atmosphere. The area of the absorption lines depends upon the amount of each
trace gas in the measurement path and the shape of the line contains some information
on the altitude (or pressure) distribution of the absorbing gas molecules. This is
because increased pressure reduces the mean free path and thus results in collision
induced shortening of the lifetime of the state, thereby broadening the allowed photon
energy (via Heisenberg’s uncertainty principle). It should be noted that the main
constituents of the atmosphere (nitrogen, oxygen and argon) are symmetrical and
transitions between allowed quantum states do not result in a change in the dipole
moment and hence these gases have no significant infrared signature.
The wavelength at which these transitions occur, the line positions, have been
calculated from first principles for about forty atmospheric species and are contained
in the HITRAN 2004 database [Rothman et al., 2005]. Also contained in the database
are integrated line strengths at 296K, lower state energy populations and the pressure
broadened Lorentzian half-width and its temperature dependence.

It is clear from the plots of pressure and temperature shown in Figure 13 that the
atmosphere is not a homogenous sample.

Pressure, temperature and chemical

composition all vary vertically through the atmosphere. These parameters have a
significant effect on the absorption features recorded by the detector and must be
included in a model of the atmosphere as the first step in the process for retrieving
trace gas amounts from the recorded spectra.
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Figure 13 shows the atmospheric conditions over Wollongong according to NCEP reanalysis on
the 21st of January 2009. Varying temperatures, at different altitudes through the atmosphere,
define its different regions. These temperature and pressure data are used in the analyses of
spectra recorded on that date.

2.4

Model atmospheres and trace gas retrieval methods

The nature of this experiment precludes us from performing measurement of a blank
sample or series of standard samples.

To overcome this issue the analysis is

performed by calculating a synthetic spectrum which best fits the experimental
spectrum. Two different retrieval algorithms, GFIT and SFIT2, are used to calculate
the synthetic spectrum of best fit.

In order to calculate synthetic solar spectra using GFIT and SFIT2, we must consider
the atmosphere as a series of vertical layers. Each layer is considered homogeneous in
terms of temperature, pressure and chemical composition. Temperature and pressure
values and an a-priori estimation of the mixing ratio of individual gases is required for
each layer. Another consideration which must be made is that of the path that the
light takes through the atmosphere.

As the pressure, temperature and chemical

composition of the atmosphere is considered in terms of homogeneous layers, so too
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is the light path. A ray tracing algorithm called fscatm is employed to calculate the
lights path through the different layers of the atmosphere Meier et al [2004b]. This
algorithm takes into consideration atmospheric refraction, curvature of the Earth and
the solar zenith angle (SZA) at which the spectra are being calculated. A model
atmosphere needs to have at least thirty individual layers to avoid fscatm calculation
being the dominant source of error Meier et al [2004b].
Another important consideration in the calculation of synthetic spectra is the shape of
the spectral lines to be generated. The shape of a particular spectroscopic feature is
affected by three factors. The first factor is the pressure at which the absorptions are
occurring. An increase in the number of molecules present, i.e. the pressure, leads to
broadening of a feature. This is known as pressure broadening and becomes more
prevalent in the lower atmosphere where pressures are highest. Pressure broadening
leads to a Lorentzian contribution to the line shape.
The second factor considers another type of broadening in which spectral features are
affected by the motion of molecules relative to the light source. Molecules moving
away from the source have spectral features which are slightly shifted towards the
lower energy side of the feature. The converse is true for molecules with a relative
motion toward the light source. For an atmospheric gas the distribution of relative
velocities follows a Gaussian distribution and consequently a Gaussian contribution is
found in spectral features. This is known as Doppler broadening and its extent is
determined by the temperature at which the molecules are absorbing. The shape of
the spectral feature will be a convolution of the two types of broadening with a
resulting Voigt distribution.
The third factor considered in the calculation is the instrument line shape which is an
important characteristic of any spectroscopic technique.
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In order to generate

appropriate synthetic spectra for analysis it is critical to understand and be able to
measure an instrument’s lineshape experimentally.

This can be determined

experimentally using a low pressure gas cell and is different for different instruments,
[Hase et al., 2004].
The a-priori estimates of the atmospheric state, the resulting light path and the
instrumental characteristics comprise a “forward model”. This forward model may be
used, along with data from the HITRAN database, to generate a synthetic spectrum.
The manipulation of these synthetic spectra to resemble the experimental spectra is
the analytical process employed here.

2.5

Retrieval Algorithms

In both GFIT and SFIT2 we generate a synthetic spectrum from the forward model as
described above. The synthetic spectrum is compared to the experimental spectrum.
Adjustments are made to the forward model so that differences between the synthetic
spectrum and the measured spectrum are minimised.

GFIT is used to determine total column amounts of individual gases. This process is
performed by scaling the a-priori mixing ratio profile (as it varies with altitude in the
atmosphere) of individual gases until the area of the spectroscopic feature matches
that of the calculated spectrum. The concentrations of all layers are scaled by the
same factor in GFIT.

As GFIT does not change the relative concentrations of

individual layers no vertical information is obtained [Washenfelder et al., 2006].
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SFIT2 can be used to determine the total column amounts and some vertical
information can also be obtained. While GFIT scales the entire profile of all layers
simultaneously, SFIT2 scales the concentrations of the individual layers until the
shape of the calculated spectrum matches that of the experimental feature. As the
shape of a spectroscopic feature contains information on the temperature and pressure
at which the interaction is occurring, we are enabled to obtain some vertical resolution
of individual gases from SFIT2 [Pougatchev et al., 1995].
The weighting function analysis conducted using SFIT2 is in essence a measure of the
sensitivity of the algorithm to the concentration of the trace gas at different altitudes.
SFIT2 calculates the amount of independent information for the individual
atmospheric layers based on the formulism of [Rodgers, 1990]. The information
content, called degrees of freedom for signal, is calculated for each vertical layer and
is dependent upon the width of the absorption features examined and on the number
of points recorded over that spectral microwindow, [Rodgers, 1990].
The forward modelling part of SFIT2 is known as SIMUL and can be used to generate
synthetic spectra of individual gases. An examination of individual gas spectra tells
us what spectroscopic features may be observable. SIMUL is the principal analytical
tool employed in the investigation of the marine boundary layer discussed in Chapter
5.
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Chapter 3 Technical Details of the Instrumentation and
Analysis Techniques
3.1 Introduction and history of local instrument.
The Fourier Transform InfraRed spectrometer (FTIR) located at the University of
Wollongong (34.4°S, 150.9°E, 30m above sea level) is a commercial instrument
(Bruker HR125) configured for solar remote-sensing measurements. It has been
recording solar spectra since 2007 when it replaced a previous spectrometer
(BomemDA8) which had been operated since 1996. It has an optical setup that
comprises a solar tracker on the roof of Building 18 (30m above sea level) which
directs the sun rays into the instrument situated in the laboratory below.

Figure 14: Photographic illustration of the current spectrometer (Bruker model HR125) and
solar tracker operated at the University of Wollongong (34.4°S, 150.9°E, 30m above sea level)
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Upon entering the instrument the beam is split in two as described in Chapter 2. Two
different beam-splitters are utilised in these experiments to perform this task. A
potassium bromide beam-splitter is employed when recording spectra in the longer
wavelength regions of the spectrum. A calcium fluoride beam-splitter is employed
when recording shorter wavelength regions of the spectrum. The beam-splitter directs
approximately half of the radiation to a fixed mirror and the other portion to the
mounted movable mirror.
The movable mirror is mounted on a pulley and has a maximum displacement of 125
cm, giving an optical path difference (OPD) of 250 cm. The position of the moving
mirror is calibrated by a helium neon laser. The derived relationship between OPD
and resolution for this instrument is given by Resolution = 1/OPD. Consequently this
implies a maximum resolution for this instrument at 0.004 cm-1.

In these experiments the focus is predominantly on tropospheric gases where pressure
broadening of spectral features dominates. As a consequence of this a resolution of
the order of 0.01 cm-1 is necessary and so we only need an OPD of 100 cm. A series
of narrow optical band-pass filters is employed to reduce noise outside the spectral
area of interest and thereby increase the signal-to-noise in the wavenumber region that
the gases of interest absorb. The wavenumber ranges of the optical filters used are
listed in Table 1.
A mercury cadmium telluride (MCT, HgCdTe) detector is employed in recording
spectra from filter regions 7 and 8, and an indium antimonide (InSb) detector used for
recording Filters 1 to 5. InSb and MCT detectors are maintained at cool temperatures
by liquid nitrogen. The entire instrument is maintained at a pressure below 1 hPa.
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Table 1 shows the optical band-pass spectral regions for each filter used in the analyses.

Filter

Wavenumber Range (cm -1)

NIR_DC.2

3800-15800

NIR_DC.1

3800-12000

F1

3800-4600

F2

2600-3600

F3

2200-3500

F4

1900-2900

F5

1800-2300

F7

800-1500

F8

600-1200

3.2 Analysis of Spectra
As described in section 2.4, the analysis of spectra recorded by the remote sensing
FTIR spectrometer requires the calculation of synthetic spectra using a “forward
model” of the atmosphere and of the instrument.
A number of parameters are the same for all the analyses performed and reported
here.

The temperature and pressure profiles for the forward model atmosphere

calculation were obtained from National Center for Environmental Predictions
(http://www.ncep.noaa.gov/) on a daily basis. (An example pressure temperature
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vertical profile is provided in Figure 13. This was the actual profile used in the
analyses of spectra obtained on the 21st of January 2009.)

GFIT was used as the analytical tool for the three year time-series for the trend
analysis component of this work, with SFIT2 being used to perform some calculations
on the marine boundary layer spectra. Analyses by SFIT2 used the ray tracing
algorithm FSCATM to calculate the light path through each atmospheric layer [Meier
et al., 2004b].

The a-priori chemical mixing ratios for the individual layers used in the first part of
the thesis are typical of 35o northern hemisphere summertime mixing ratios. The
GFIT analysis, as previously described, uses a single scaling factor for the entire
mixing profile at all atmospheric levels. The a-priori profiles above were chosen for
the analyses as their vertical profiles, which determine the features shape, are well
characterised from extensive previous analyses. The common use of these a-priori
profiles globally allows for a greater deal of consistency among analyses performed at
different locations. The three major greenhouse gases examined here, CO2, CH4 and
N2O, all show maximum mixing ratios close to the ground. Their stability at different
altitudes is clearly indicated by obvious decreases which occur at characteristic
altitudes, see Figure 15.
Of the other gases of interest OCS, H2CO and HCN all show maxima near the ground.
The H2CO and NO2 profiles indicate a stratospheric source for each with NO2
reaching a maximum mixing ratio at about 35 kilometres above sea level, see Figure
15. The CO mixing ratio peaks near the ground and reaches a maximum in the upper
atmosphere where the number of molecules is very low, see Figure 15.
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.
Figure 15 shows the a-priori vertical mixing profiles used in the GFIT analysis. These profiles
are typical 35o northern hemisphere summertime profiles and are scaled by the analysis
procedure to create a best fit to the measured spectra. The differences between typical northern
and summer hemisphere profiles will introduce a small bias but this is not expected to be a
dominant uncertainty.
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3.3 Retrieval details for Total Column CO2
The next part of the analyses that needed to be decided on was the selection of
appropriate microwindows for the analysis. Microwindows for the GFIT analyses, for
all gases, were selected from a pre-existing list held at the University of Wollongong.
The CO2 windows to be used were selected by examining a synthetic CO2 spectrum
generated using a pre-calculated set of spectra [Meier et al., 2004a] against
experimentally recorded spectra.

The microwindows were chosen from spectral

regions where CO2 absorbs infrared radiation and good signal-to-noise levels in the
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Figure 16 shows a synthetic CO2 spectrum in blue. Three spectra from filter 2 (red), filter 3
(green) and filter 4 (black) are shown also and may be compared to the CO2 spectrum to find
regions where CO2 absorbs but is not saturated. It is in these regions that the microwindows for
analysis were selected.

Of the nine microwindows selected for the analyses of CO2 the best three are reported
here and are denoted by an asterix * in Table 2. These were chosen on the basis of
precision, interfering species and the spectral fit obtained by GFIT. In Figure 17 . the
blue and red spectra, representing the calculated and measured spectra respectively,
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are almost identical with the very small differences between the two, the residuals,
plotted in green on the top of the panel.
Table 2 shows all CO2 microwindows used in the analyses and the interfering species found in
each microwindow. The microwindows marked by an asterix returned data with the best
precision and are reported in this thesis.
Microwindow centre

Microwindow width

-1

Filter region

cm

cm-1

2

3161.71

0.20

H2O

*3204.76

0.48

H2O

3315.80

0.84

H2O

2482.44

0.69

N2O, H2O, HDO

*2486.974

2.308

N2O, H2O,

2626.68

0.74

-

3161.71

0.20

H2O

2482.44

0.69

N2O, H2O, HDO

* 2486.974

2.308

N2O, H2O,

3

4

R e s id u a l

10x10

Interfering species

-3

CO2 residual

5
0
-5

1.0
CO2 microwindow
found in filter
0.9
regions 3 and 4
0.8
Transmission
0.7

Calculated
Measured
0.6
CO2
H2O
0.5
N2O
2486.0

2486.5

2487.0

2487.5

2488.0

Figure 17 shows the CO2 microwindow located at 2487cm-1. Synthetic spectra for CO2 in black,
H2O in green and N2O in yellow overlaid on an experimentally recorded spectrum in red with the
calculated spectrum in blue. The residual of the calculated minus the recorded spectrum is also
included above. Despite strong interference by N2O the precision of data obtained from this
window is good.
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A visual examination of the total column retrievals obtained for each microwindow
plotted against time shows a clear seasonal cycle with maxima occurring in late
winter and minima in late summer. The amplitude of the seasonal cycle can be
visually estimated for retrievals from the 2486cm-1 microwindow as between 0.4 - 0.6
x1021 molecules/cm2.

The amplitude of the seasonal cycle is not so clear for

retrievals from the filter 2 microwindow centre at 3204cm-1. Both microwindows are
subject to interferences from water vapour with N2O also interfering in the 2486cm-1
microwindow. Retrievals from the 3204cm-1 microwindow show greater scatter than
from the microwindow centred at 2486cm-1.

This may be due to the latter

microwindow being wider and fitting more CO2 features. This can have the effect of
averaging out some of the interferences whereas a narrow microwindow with only a
single CO2 feature (such as that centred at 3204cm-1) may be more susceptible to

2

CO2 Total Column (molecules/cm )

biases as a result of interferences from other absorbers.

21

10.0x10
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9.5
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8.5
8.0
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1/01/2009
Date

1/01/2010

Figure 18 shows the CO2 retrievals from the three microwindows selected for reporting here.
The blue data were calculated from the filter 2 microwindow centred at 3204.76cm-1 and the
2486.974cm-1 microwindow. Retrievals from the latter microwindow are depicted by black data
points from filter 3 spectra and the red data points from filter 4 spectra and show good
agreement over the time series.
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3.4 Retrieval details for Total Column Methane(CH4)
A total of fifteen different microwindows were selected for CH4 analyses from filter
regions 1- 3. From these fifteen microwindows six are reported here. These include
three microwindows from filter 1, one from filter 2 and two from filter 3 (see Table 3)
and were selected on the basis of precision, interfering species and the spectral fit
obtained by GFIT (as done with CO2). An illustration of spectral interferences and
spectral fit is provided for the microwindow centred at 2903.87cm-1, see Figure 19.

Table 3 shows all seven microwindows reported for the CH4 analysis. Microwindows were
selected in the same manner as for CO2 (precision, interferences and spectral fit were again used
as selection criteria for all microwindows.)

Filter region
1

2

3

Microwindow centre cm-1

Microwindow width cm-1

4277.81

0.40

N/A

4363.69

0.42

N/A

4376.38

0.59

N/A

2903.87

0.66

H2O, HDO, HCl

2599.16

2.40

N2O, H2O

2903.87

0.66

H2O, HDO, HCl

2599.16

2.40

N2O, H2O
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Interfering species

Residual

CH4 residuals

2
1
0
-1
-2
-3
-3x10

1.0

Transmission

0.9
0.8
0.7
0.6

Calculated
Measured
CH4
H2O
HDO
HCl
2903.6

2903.7

CH4 microwindow in
filter 2 and 3 spectra

2903.8

2903.9

2904.0

2904.1

2904.2

-1

Wavenumber (cm )

Figure 19 shows the main absorbers in the 2903cm-1 microwindow used in CH4 analysis. The
residual of the calculated minus the recorded spectrum is also included above.

The CH4 total column calculated from the three different microwindows in filter 1
spectra show some systematic differences over the time series, (see Figure 20.) The
data do follow the same trends over the time series with all three microwindows
showing concurrent, consistent increases and decreases in the CH4 total column,
however there is a clear bias between the different microwindows used. This bias is
observed in Figure 21 for analysis of microwindows recorded through different
spectral filters. The bias does not exist however when a particular microwindow can
be observed in two different spectral filter regions. An example of this can be seen in
the analysis of the 2599cm-1 microwindow. This microwindow is present in both filter
2 and 3 spectra.

The observations made show very consistent results, both in

magnitude of the total column, and changes in the total column observed over the
time series, see Figure 21. In this CH4 analysis the filter 1 4376cm-1 microwindow
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shows a large positive bias compared to the other six microwindows analysed. This
suggests that the biases are due to spectroscopic errors.
The different sets of data obtained show varying degrees of scatter over the time
series with the filter 1 microwindow centred at 4376cm-1 showing the least scatter. In
Figure 20 a bias can be seen to exist between the different microwindows. Retrievals
in blue from the 4363 cm-1 microwindow are consistently higher than those in black
from 4376 cm-1 microwindow. The black data are often a little higher than those in
red from the 4277 cm-1 microwindow. In Figure 21 the black data is from the filter 1
4376 cm-1 microwindow and is consistently higher than data obtained from the filter 3
2599 cm-1 microwindow in red.

The two other sets of data presented here are

calculated from the 2903cm-1 microwindow.

This microwindow is located in the

bandpass region that overlaps filter regions 2 and 3. Very good agreement can be
seen between the green data, calculated from the filter 2 spectra and the mustard data
from the filter 3 spectra for the 2903 cm-1 microwindow.
Variations in the CH4 total column from all the microwindows used can be seen to
change periodically with sustained periods of both high and low total column
amounts. This could be indicative of cycling of a seasonal nature with some local
effects also contributing. It is not clear from a visual inspection of the data whether
the total column has increased or decreased over the time series.
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CH4 retreival through the three filter 1 microwindows
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2

CH4 total column (molecule/cm )

Figure 20 shows the retrievals of CH4 from the individual filter 1 microwindows. A bias can be
seen to exist between the different microwindows. Retrievals in blue are from the 4363 cm-1
microwindow, those in black from 4376 cm-1 microwindow and those in red from the 4277 cm-1
microwindow.
18

41x10

x1018

CH4 retreival through four different microwindows

40
39
38
37
36
35

1/01/2008

1/01/2009
Date

1/01/2010

Figure 21 shows another example of the inter-microwindow biases that exist between the
analyses. In this figure the black data is from the filter 1 4376 cm-1 microwindow ,filter 3 2599
cm-1 microwindow in red. The two other sets of data presented here are calculated from the
2903cm-1 microwindow. This microwindow is located in the bandpass region that overlaps filter
regions 2 and 3. The green data are calculated from the filter 2 spectra and the mustard data
from the filter 3 spectra for the 2903 cm-1 microwindow.

3.5 Retrieval details for Total Column Nitrous Oxide

Five different microwindows in filter regions 3 and 4 were selected for N2O analyses.
The best three performing microwindows, one from filter 3 and two from filter 4 were
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selected in the usual manner (by precision, interfering species and the spectral fit
obtained) and are shown in Table 4. An example of the interferences and the spectral
fit is provided for the 2806cm-1 microwindow in Figure 22.

Table 4 shows the microwindows reported for N2O.
Microwindow centre cm-1

Microwindow width cm-1

3

2806.32

0.44

CH4

4

2481.85

1.30

N/A

4

2443.10

2.60

CO2

Residual

Filter region

Interfering species

-3

4x10

0
-4

0.98
Transmission

0.96
0.94
0.92
0.90
0.88
0.86

N2O microwindow from
filter 2 and 3

Measured
Calculated
N2 O
CH4

2806.2

2806.3
2806.4
-1
Wavenumber (cm )

2806.5

Figure 22 shows the main absorbers and the spectral fit obtained from the N2O microwindow
centred around 2806cm-1. N2O is represented by the dark yellow spectrum, CH4 in black and an
example experimental spectrum in red. The spectral fit obtained from GFIT is shown in blue
with the residuals plotted above. The interference by the CH4 molecule appears quite small in
this microwindow. The narrowness of the microwindow is probably a major factor leading to
relatively high errors in the calculation.

The N2O total column observed from the 2481cm-1 and 2443cm-1 microwindows
show good agreement with a clear increase over the time series. A seasonal cycle can
be seen in these data although its amplitude is not visually obvious. Retrievals from
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the filter 3 2806cm-1microwindow do show a clearer seasonal pattern with an
amplitude of approximately 0.2 x1018 molecules/cm2, see Figure 23. The precision
from this microwindow follows a seasonal pattern with wintertime precision
approximately equal to the other two microwindows. This is most likely caused by
the fact that GFIT does not consider the seasonal variation in the tropopause. In the
summer, however the error associated with the 2806cm-1 microwindow increases by a
factor of 8 compared to an increase of up to double in both filter 4 microwindows, see

N2O Total column amounts (molecules/cm

Figure 24.

x1018

18

7.4x10

7.2

N2O retreivals through three different microwindows

7.0
6.8
6.6
6.4
6.2

1/01/2008

1/01/2009
Date

1/01/2010

Figure 23 shows the total N2O column observed from each of the three microwindows reported.
A seasonal cycle is visible in these data as is an increase in the total column over the time series.
The red data were calculated from the filter 3 2806cm-1 microwindow and show a more
pronounced seasonal cycle than the 2481cm-1 in green, and, the 2443cm-1 in blue, filter 4
microwindows. The two latter microwindows show good agreement over the time series.
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Figure 24 show a comparison of the errors associated with the three microwindows used to
calculate the N2O total column. Data are represented by the same colours as above. There is a
clear seasonal influence on the filter 3 2806cm-1 microwindow’s data.

3.6 Retrieval details for Total Column Carbon monoxide
CO was measured from five microwindows in filter regions 4 and 5.

All five

microwindows were reported for spectra recorded from filter region 5 with the
2058cm-1 and 2070cm-1 microwindows from filter 4 spectra also deemed to be of
sufficient quality. The microwindows used in the analyses are listed in Table 5 and
examples of their spectral fits and interferences are shown in Figure 25 and Figure 25.
The width of the microwindows used in CO analyses varied from the quite narrow
microwindow (2069.54cm-1 to 2069.74cm-1) to the 6cm-1 wide microwindow centred
at 2160.00cm-1. Despite using a larger spectral region to obtain fits, the three filter 5
only microwindows show a higher degree of scatter than the two narrow
microwindows observed in both filter 4 & 5 spectra, see Figure 27 and Figure 28. A
look at spectral fit with the interfering molecules also plotted shows the probable
reason why. The wide windows are more sensitive to the CO near the ground. The
scatter observed in these data is possibly picking up better the influence of CO from
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local sources.

A large number of interfering species with a large number of

absorption features are seen in the wider microwindows, especially from water, (see
Figure 26) compared to only background interferences with no deep interfering
features observed in the narrower microwindow, see Figure 25 .

Table 5 shows the CO microwindows which provided the best quality data.
Microwindow centre cm-1

Microwindow width cm-1

4&5

2057.84

0.28

O3, CO2

4&5

2069.64

0.19

O3

5

2111.55

1.10

O3

5

2158.25

1.80

H2O, N2O, O3, CO2

5

2160.00

6.00

H2O, O3, N2O

Filter region

Transmission

1.0

Interfering species

CO spectral fit for a narrow filter 4 & 5 microwindow
Calculated
Measured
CO
O3
CO2
Solar CO

0.8

0.6

0.4

2057.75

2057.80
2057.85
2057.90
-1
Wavenumber (cm )

2057.95

Figure 25 shows the narrow 2058cm-1 microwindow found in filter 4 and filter 5 spectra.
Retrievals from this microwindow and from the 2070cm-1 microwindow which is also measured
in both filter regions show good agreement and less scatter than observed for retrievals for the
other three filter 5 microwindows.

- 39 -

CO microwindow interferences and spectral fit

Transmission

1.0

0.5

Meas
Calc
CO
H2O
O3
N2O

0.0

2158

2159

2160

-1

2161

2162

Wavenumber (cm )

2

CO total column amount (molecules/cm )

Figure 26 shows the widest filter 5 CO microwindow analysed centred at 2160cm-1. Simulated
spectra for all the major interfering species are also shown. Data obtained from this 2111cm-1
microwindow and the 2158cm-1 microwindow show a higher degree of scatter over the time
series. This is probably due to the wider windows fitting a larger number of features and thereby
allowing the signal from local sources to be observed.

18

Two CO microwindows in filter 4 and 5 spectral analyses

4.0x10

5_CO_2057
5_CO_2069
4_CO_2057
4_CO_2069

3.5
3.0
2.5
2.0
1.5
1.0
1/01/2008

1/01/2009
Date

1/01/2010

Figure 27 shows the two microwindows used in the filter 4 and 5 spectral analyses of CO. All
four sets of data show good agreement over the time series as expected. A clear seasonal cycle
can be seen in the baseline of these data. Local sources however, have a major impact on the CO
total column and are responsible for the high degree of variability.
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CO retrievals through three filter 5 microwindows

F5_2111
F5_2158
F5_2160

18

2

(molecules/cm )

CO total column amount

4x10

3

2

1
1/01/2008

1/01/2009
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Figure 28 shows the three microwindows used only in the filter 5 spectral analysis of CO. These
data show a greater degree of scatter through the series.
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3.7 Retrieval details for Total Column Amounts of Other Trace
Gases
The microwindows and filter regions used for the analyses of the other trace gases
(OCS, NO2, H2CO and HCN) are summarised in Table 6.
H2CO is derived from a single microwindow but the other three gases use multiple
microwindows. Both OCS and NO2 use identical microwindows for spectra recorded
using two different optical bandpass filters. Very good agreement is seen between the
derived columns amounts from spectra using different optical filters but the same
microwindows. OCS and NO2 show good examples of this, see Figure 29. Indeed the
two microwindows used in OCS analyses are both measurable in filter 4 and 5
spectra. A visual examination of these data, see Figure 29, also show a bias with the
4.80cm-1 wide 2054cm-1 microwindow returning higher total column amounts
consistently through the series. The magnitude of this bias over retrievals from the
1.80cm-1 wide 2056cm-1microwindow is visually estimated here as of the order of
0.5x1016 molecules/cm2. The relative agreement of identical microwindows using
different filters it evidence that these biases are due to errors in the spectroscopy of
either the target molecule or interfering species.
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Table 6 shows the best microwindows used in the analyses of trace gases.

Gas

Filter region

Microwindow centre cm-1

Microwindow width cm-1

Interfering species

OCS

4&5

2053.55

4.80

O3, CO, H2O, C2H4

4&5

2055.85

1.80

O3, CO, H2O, C2H4

2&3

2914.65

0.09

H2O

3

2898.05

0.10

H2CO

3

2869.88

0.89

CH4, O3, HDO

HCN

3

3287.22

0.38

H2O, C2H4

3

3287.36

0.88

H2O, C2H4

3

3305.51

0.23

H2O

NO2
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2

OCS total column (molecules/cm )
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15

OCS retreivals through two microwindows in filter 4 and 5
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12
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9
8
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1/01/2010

15
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1/07/2010
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'2fno2_2914'
'3fno2_2898'

6
5
4
3
2
1
1/01/2008

2

H2CO total column (molecules/cm )

1/01/2009
Date

NO2 retrievals through three microwindows

2

NO2 total column (molecules/cm )

1/01/2008

15

80x10

1/07/2008

1/01/2009
Date

1/07/2009

1/01/2010

1/07/2010

H2CO microwindow observed through filter 3 spectra
'3fh2co_2869'

60

40

20

1/01/2008

HCN total column amount (molecules/cm

4focs_2053
4focs_2055
5focs_2053
5focs_2055

1/07/2008

1/01/2009
Date

1/07/2009

HCN retrievals through three filter 3 microwindows
15x10

15

1/01/2010

1/07/2010

'2fhcn_3287'
'2fhcna_3287'
'2fhcn_3305'

10

5

0
1/01/2008

1/07/2008

1/01/2009
Date

1/07/2009

1/01/2010

1/07/2010

Figure 29 shows the total column amounts of the other gases of interest in this study on a
microwindow by microwindow basis. Some clear seasonal cycles can be seen in the time series of
HCN, H2CO and in the baseline of CO.

In the analyses of NO2 from the 2914cm-1 microwindow more scatter is apparent in
the data calculated from filter 2 spectra. A possible reason for this difference can be
inferred from a look at the recorded spectra for each filter region Figure 30. This
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microwindow is in the wings of both spectral filter regions. The transmittance of each
filter is different in this region with more light transmitted by filter 3 which improves

2.0

Single channel

1.5
1.0
0.5
0.0

Transmittance

2.5

3.0

the signal to noise ratio of the microwindow thereby improving the precision.

2200

2400

2600

2800

3000

3200

3400

3600

Wavenumber cm-1

Figure 30 shows two experimentally recorded spectra. Filter 3 in blue with filter 2 in red.
Higher transmission at 2914cm-1 where NO2 is observed in the filter 3 spectra ultimately results
in better precision than for data calculated for the same microwindow from filter 2 spectra.

A clear seasonal cycle is seen in the NO2, H2CO and HCN data (see Figure 29). The
seasonal cycle observed for HCN isn’t as dramatic as those observed for NO2 and
H2CO and is difficult to visually quantify. The summertime NO2 column appears to
be approximately double its winter time value. This is due to increased production by
photo-oxidation of N2O and is also indicated in the daily column with maximum
amounts observed at noon. The same pattern is seen for H2CO total column amount
with the summer values being approximately 5 times greater than winter values due to
increased photo-oxiadation of CH4.
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The seasonal cycling of OCS is not visually obvious over the series as can be seen
from Figure 29. However a visual examination of the time-series for OCS shows it to
have decreased slightly over the time series. The column amounts are comparable to
those published for previous years from this same measurement site [Deutscher et al.,
2006]. No other gases from Figure 29 show a visually discernable annual trend over
the time series.

Daily Averages
From the previous discussion it can be seen that various biases exist in the total
column amounts of trace gases derived from different microwindows and filter
regions used in the spectroscopic analyses of the spectra recorded at Wollongong. In
order to get a best estimate of the total column amounts of trace gases, daily averages
for all gases were calculated by averaging all the individual spectral retrievals from
each of the chosen microwindows for each day. The daily averages calculated here
were then used as the dataset for further trend analyses.
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Chapter 4 TimeSeries & Trends in Total Columns of
Trace Gases
4.1 Trend Analysis on Daily Averaged Total Column Time Series
The aims of the trend analyses performed here are to ascribe an annual rate of change
in the total columns of each gas and to quantify the magnitude of any detectable
seasonal cycles.

This task is performed by least square fitting algorithm that

simultaneously fits an offset (to match the background column amount); a cosine
wave (to capture the seasonal cycle) and a monotonic linear increase or decrease (to
capture any long-term trend).
The function which the algorithm fits to the data points (X, t) of total column amounts
(X) measured at a given time (t) is given by Equation 1.
Equation 1:

X = A + Bt + C cos 2πt
In the analyses of each gas the linear annual change is given by term “B”
(molecules/cm2/year). The seasonal cycles are considered to be of a sinusoidal nature
(cosine wave) with a period of 1 year. The amplitude of the seasonal cycle is given
by the term “C”. The initial total column amount of each gas at time t=0 is given by
term “A”.
The algorithm also employs a bootstrap resampling method to determine the
uncertainty in the derived parameters [Wu, 1986]. In this bootstrap resampling a
subset of the data points for use in the regression fitting are randomly sampled and the
analysis is repeated. The resampling allows individual data points to be selected more
than once in any single run of the least squares fitting algorithm. This process is
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repeated 500 times, fitting the offset, cosine wave and trend to each randomly selected
subset of data points. The final reported parameters are the mean (± the standard
deviation) of the terms calculated over the 500 fittings. A summary of the results for
the three parameters derived from the statistical trend analysis and bootstrap
resampling for each gas (the initial total column amount, A, the annual trend, B, and
the amplitude of the seasonal cycles, C) is provided in Table 7. The values for B and
C are also quoted in Table 7 as a percentage of the total column.
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Table 7 shows the statistical data calculated for each gas. The initial total column amounts, A, are reported in molecule/cm2. The annual trend, B, and the
amplitude of the seasonal cycles, C, are reported in their relevant units, and, as percentages of A.

A

B

B (as

±B

Std C

C

Amplitude
2

Gas

Scale

(mol/cm )

Std A

Mol/cm /yr

Std B

% of A)

(%)

mol/cm

Mol/cm

%

±C (%)

CO2

E21

8.04

0.01

0.047

0.005

0.59

0.06

0.081

0.006

1.01

0.08

CH4

E19

3.698

0.005

0.0008

0.0021

0.02

0.06

0.005

0.003

0.12

0.08

N2O

E18

6.52

0.01

0.013

0.004

0.21

0.06

0.037

0.004

0.57

0.07

CO

E18

1.55

0.05

-0.05

0.02

-3

1

-0.17

0.04

-11

3

OCS

E15

10.08

0.08

-0.14

0.03

-1.4

0.3

-0.32

0.03

-3.1

0.3

NO2

E15

3.11

0.05

-0.10

0.02

-3.2

0.6

-0.57

0.03

1.01

0.08

HCN

E15

5.1

0.1

-0.18

0.06

-3

1

-1.19

0.08

0.12

0.08

H2CO

E15

25.4

0.9

-0.9

0.4

4

1

-12

3

-49

1

2

2
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2

4.2 Carbon Dioxide (CO2)
The daily averaged total column amounts of CO2 were calculated from the midinfrared spectra (as described in Chapter 3) and reported for 450 individual days over
approximately three years from August 2007 to September 2010, see Figure 31.
Despite considerable scatter in this data compared to that achieved in the near infrared
[Washenfelder et al., 2006], a clear increase in the total column of CO2 can be seen
over the time series with an obvious seasonal cycle overlaid on the overall increase.
The annual increase is most notable in consecutive summer minima in the total
column. The increase in consecutive winter maxima is not as clearly obvious but is

2

CO2 total column (molecules/cm )

still visible.

21

CO2 daily averages

8.5x10

8.4
8.3
8.2
8.1
8.0
7.9

2008.0

2008.5

2009.0
2009.5
Date

2010.0

2010.5

Figure 31 shows the daily averages of CO2 total column amounts with their standard deviations
shown as an error bar. The increase in the total column and the seasonal cycle are clearly visible
in this plot. The regression fit is also included in blue and appears to characterise the time series
well.

A smaller number of observations for the first year makes the early seasonal cycle
difficult to see. A larger number of observations from the middle of June 2008
onwards, however do clearly show the seasonal effects on the CO2 total column. The
maximum total column amounts of CO2 were observed in the middle of winter for
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each year of the analysis. The reason for this is increased photo-synthetic drawdown
of CO2 by vegetation during the summer period when there is more sunlight available
to the plants [Keeling et al., 1995]. A period of particularly high sustained total
column amounts in winter 2009 was observed with a large number of days
experiencing total column amounts in excess of 8.3 x 1021 molecules/cm2, (see Figure
31.)

This period of high CO2 total column amounts is preceded by the largest

seasonal increase of the time series. In the six months previous to winter 2009 the
total column increased from a low of 8.0 x 1021 molecules/cm2. The following year of
data from winter 2009 to winter 2010 show a less pronounced seasonal effect. The
majority of daily averages for this 12 month period lie between 8.05 - 8.30 x 1021
molecules/cm2. The anomalously high CO2 in winter 2009 could possibly result from
the heat wave and drought that preceded this time suppressing carbon sequestration in
drought affected ecosystems as shown by Arnone et al [Arnone et al., 2008]. The
statistical analysis of the CO2 daily averaged total column amounts indicated an
annual rate increase of 0.59 ± 0.06%/year had occurred over the 3 year time series.
This is in agreement with the surface measurements of CO2 at Mauna Loa (described
in Chapter 1.4 & Figure 4) which showed a total increase of 1.6% over the same 3
year period [IPCC, 2007].

The amplitude of the seasonal cycle was calculated as

1.01 ± 0.08% of the total column.
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4.3 Methane (CH4)
The daily average total column amounts of CH4 were calculated for 481 individual
days between August 2007 and September 2010 and the resulting time series can be
seen in Figure 32. The vast majority of days had total column amounts between 36.5
and 37.5 x 1018 molecules/cm2. This range represents approximately 2.6% of the total
column and includes both measurement uncertainty and true natural variability in the
total column CH4 amounts. More complex retrieval methods have been suggested in
the literature [Sussmann et al., 2005] that might be able to reduce the magnitude of
this scatter but are beyond the scope of this present study. Any annual increase or
seasonal cycle for atmospheric CH4 is not clearly visible in data reported here and
may be less than this 2.6% natural variation of the observations. The variation in the
daily averaged total column appears to be larger in winter. It is in winter data that
both minima and maxima total column appears. Data for autumn days show the least
total column variation with autumn 2010 of particular note. In autumn 2010 most
daily CH4 total column remained between 36.7 and 37.4 x 1018 molecules/cm2.
The statistical analysis confirms the previous visual examination of the data. The
annual trend calculated for CH4 was less than the standard deviation calculated here as
0.05% of the total column. The magnitude of the seasonal cycle of CH4, however,
was quantified by the statistical analysis as 0.12 ± 0.07% of its total column. CH4
maxima were statistically observed in winter, perhaps as a result of the sink of
tropospheric CH4 by reaction with atmospheric OH which has its lowest
concentrations in winter, [P Warneck, 1988].
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Figure 32 shows 481 CH4 daily averages. Large variability in the total column amounts masks
any annual trend or seasonal cycle which may be present. The statistical regression fit, included
in blue, shows that the time series is dominated by day-to-day scatter rather than a significant
trend or seasonal cycle.

4.4 Nitrous Oxide (N2O)
The N2O daily averaged total column was calculated for 477 days between August
2007 and September 2010 and the time series is shown in Figure 33. A visual
examination of the time series shows the N2O total column amount increasing over
the time series. The magnitude of the annual increase is difficult to quantify visually
due to relatively large variations in the daily averages throughout the campaign. For
most periods in the series the daily averages span a range of 0.15 x 1018
molecules/cm2 which appears larger than the total increase of the column which can
be visually estimated to be approximately 0.05 x 1018 molecules/cm2 over the three
years. Despite this variation in the daily averages it is still possible to see a seasonal
cycle in the data with minima occurring in late spring/summer each year, when the
main sink (stratospheric photochemistry) is weakest [Warneck, 1988]
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The least squares regression analysis indicates an annual increase of 0.21 ±
0.06%/year of the total column. The seasonal amplitude is also calculated as 0.56 ±

2

N2O total column (molecules/cm )

0.06% of the total column.

18

N2O daily averages

6.7x10

6.6
6.5
6.4
6.3
2008.0

2008.5

2009.0
2009.5
Date

2010.0

2010.5

Figure 33 shows the daily averaged time series of the N2O total column amounts with the
regression fit in blue. An annual increase and seasonal cycle are visible over the time series with
the regression fit showing good characterisation of the time series.

4.5 Other trace gases
The time series of the other traces gases are shown in Figure 34 and Figure 35. OCS
total column appears to decrease by a small amount over the three years. The least
squares regression analysis and bootstrap resampling confirms this indicating a
significant annual rate of decrease of the OCS column as 1.4 ± 0.3%/year. Although
not visually obvious, the CO, NO2, H2CO and HCN total column were also calculated
as having downward trends over the series. The downward trends calculated for these
four gases were 3 ± 1%, 3.2 ± 0.6%, 4 ± 1% and 3 ± 1% of their total columns
respectively. For these four gases however the amplitude of the seasonal cycle is
shown to be of far greater magnitude being 11 ± 3%, 18.2 ± 0.9%, 49 ± 3% and 23 ±
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2% of the mean total column. In comparison the seasonal amplitude observed for
OCS is only 3.1 ± 0.3% making the calculated annual trend more significant for OCS
than for the other aforementioned gases. Thus, given the high degree of scatter in CO,
NO2, H2CO and HCN total column amounts a certain amount of caution is
recommended before concluding a geophysical cause for the derived trends in these
gases, since they may be artefacts of the day-to-day and year-to-year variability in the
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Figure 34 shows daily average time series for OCS (upper panel) and NO2 (lower panel), with the
error bars representing 1σ standard deviations. A large seasonal cycle is observed for NO2, whilst
OCS shows a much smaller seasonal cycle. The regression fits are shown in blue.
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Figure 35 shows time series of daily average CO, H2CO and HCN total column amounts with 1σ
standard deviations as error bars. The regression fits are shown in blue. CO exhibits a larger
degree of day-to-day scatter whilst both H2CO and HCN have strong seasonal cycles.
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Summer maxima in total column amounts were observed for OCS, NO2 and H2CO,
while spring maxima were observed for CO and HCN. Some seasonality is evident in
the timeseries of CO and OCS but seasonal cycles observed for NO2, H2CO and HCN
are much more obvious and their amplitudes can be easily estimated visually. Spring
maxima were observed for CO and HCN consistent with dominance of the biomass
burning sources [Paton-Walsh et al., 2005]. Summer maxima in total column amounts
were observed for OCS (consistent with uptake from soils being a strong sink
[Rinsland et al, 2002]), NO2 (due to peak in the stratospheric photo-chemical
formation [P Warneck, 1988]) and H2CO (due to the interplay between the main
sources from biogenic emissions and biomass burning and the sink strength which is
primarily oxidation by atmospheric OH) [P Warneck, 1988].

4.6 Individual Days of Note
Exceptionally high total column amounts of CO and HCN were noted on the 16th Oct
2007. High H2CO total column amounts were also recorded on this day. This was the
date of a bushfire burning approximately six kilometres southwest of the site near the
village of Mount Kembla.
High OCS and H2CO total column amounts were observed on 14th Nov 2007. These
dates coincide with a large number of bushfires in neighbouring Victoria and are the
likely cause.
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4.7 Concluding Comments on Time Series of Total Column
Amounts of Trace Gases

Time series of daily average total column amounts of the key trace gases CO2, CH4,
N2O, OCS, NO2, CO, H2CO and HCN were successfully derived from the spectra
recorded from the remote sensing Fourier transform spectrometer at Wollongong.
Least squares regression analysis employing a bootstrap reanalysis technique was
used to derive the magnitude of seasonal cycles and trends in the data and to
determine the statistical uncertainty in these numbers.
Total column amounts of CO2 above Wollongong were shown to be increasing at a
rate of 0.59 ± 0.06%/year which is similar to the increase measured at Mauna Loa,
Hawaii [IPCC, 2007]. Of the two other main greenhouse gases measured N2O showed
an increase of 0.21 ± 0.06%/year whilst the daily variability in CH4 was too large to
determine any trend in the data. Downward trends were calculated for OCS, CO, NO2,
H2CO and HCN but whether these have a real geophysical cause is uncertain. Many
of the gases showed large seasonal cycles with winter maxima in total column
amounts observed for CO2 and N2O; summer maxima for OCS, NO2 and H2CO, and
spring maxima observed for CO and HCN.
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Chapter 5. Remote Sensing of the Marine Boundary Layer
5.1 Introduction to the Marine Boundary Layer
The marine boundary layer (MBL) is defined as the part of the atmosphere which is
directly affected by physical action at the ocean/ atmosphere interface within one
hour. Bubbles breaking the ocean surface and white-capping release aerosols and
water vapour into the MBL. Dissolved gas released from the ocean and entrainment of
various species from the free troposphere and continental boundary layer provide the
ingredients and conditions for some very important heterogeneous chemical
processes. Temperature inversions are commonly associated with the MBL and in
more pronounced inversion conditions the MBL may remain relatively unperturbed
for a number of days. Under calm conditions the MBL may extend to only a few
hundred meters compared to a couple of kilometers, containing up to 12% of the
molecules in that column, under turbulent conditions. The global MBL covers two
thirds of the planet surface by area and contains 2-6% of the entire atmosphere,
making it important to gain a better understanding of its chemical composition.
Measurements in the “clean” MBL are difficult due to the very low concentrations of
the many gases of interest.

A number of measurement sites and measurement

campaigns, conducted in both hemispheres, aimed at characterizing the MBL are
described in the literature and summarised here. It is worth noting that the different
seasons and terrains observed in the two hemispheres will have differing impacts on
the chemistry of the boundary layer.
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5.2 Measurement Campaigns in the Literature
5.2.1 North Atlantic Marine Boundary Layer Experiment (NAMBLEX)
The North Atlantic Marine Boundary Layer Experiment (NAMBLEX) was conducted
in the North Atlantic Ocean MBL from the 23rd July to the 4th of September 2002. A
host of ground based instrumentation was deployed at Mace Head on the west coast of
Ireland 53.32oN, 9.90oW, and was supported by airborne measurements made in the
area by the UK’s National Environmental Research Council (NERC) Dornier-228
aircraft. Westerly winds for the majority of the experiment provided clean maritime
air for measurement. Ozone (O3) was determined by ultraviolet absorption (UV), CO
(CO) by gas chromatography with UV flame ionization detection (GC-UV/FID),
dimethylsulfide (DMS) by gas chromatography flame ionization detection (GC-FID)
and nitrogenous species (NO, NO2 and ∑NOy) by chemiluminescence (CL) [Heard et
al., 2006]. Volatile organic compounds (VOC’s) and oxygenated VOC’s (OVOC’s)
were determined by gas chromatography (GC) [Lewis et al., 2005], as were
halocarbons which were detected by mass spectroscopy (GC-MS) [Carpenter et al.,
2007]. Halogen species were determined by scattered light multi axis differential
optical absorption spectroscopy (MAX-DOAS) [Saiz-Lopez et al., 2006].

5.2.2 Polarstern
Four Polarstern cruises in 1997, 1998, 2000 and 2003 were conducted over the
Atlantic Ocean, departing from Bremerhaven Germany, to Capetown, South Africa.
CO and bromoform (CHBr3) mixing ratios are reported from the 2003 cruise from 5°
N - 25°S and were measured by fluorescence and GC-MS respectively [Carpenter et
al., 2007]. Bromine oxide (BrO) was determined by MAX-DOAS in the 2000 cruise
and data reported in the results section are from the 6th and 7th of October while the
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ship cruised north of the Canary islands in the area around 13° W and 30° to 37° N
[Leser et al., 2003]. OCS was measured during the first two cruises in 1997 and 1998
by GC [Xu et al., 2001]. These data are chosen as they represent clean marine
boundary layer conditions.

5.2.3 Aerosol characterization Experiment 2 (ACE2)
The second Aerosol Characterization experiment (ACE2) was conducted over the
sub-tropical Atlantic Ocean off the coast of southwestern Europe and north western
Africa between 16th June and the 24th of July 1997 employing ground, shipborne,
airborne and satellite platforms for the analyses [Raes et al., 2000].

5.2.4 Reactive Halogens in the Marine Boundary Layer (RHaMBLe)
The Reactive Halogen in the Marine Boundary Layer (RHaMBLe) experiment was
conducted over the tropical North Atlantic Ocean off the west coasts of Africa and
Portugal in May and June 2007. Platforms used were the ground based Cape Verde
Atmospheric Observatory (CVAO) 16.85° N, 24.87° W, the ARSF Dornier aircraft;
and the RRS Discovery’s D319 cruise 14-22° N, 26-16° W. O3 was determined by
UV,

CO

by

ultraviolet

fluorescence

(UVF),

NO,

NO2

and

∑NOy by

chemiluminescence. ∑NOy was also determined by broadband absorption
spectroscopy (BAS), DMS by GC-FID, VOC’s and OVOC’s by GC, CHX by GC-MS.
Halogen species were determined by ion chromatography (IC) [Lee et al., 2009].
Mean mass concentrations of aerosols over the RHaMBLe campaign were measured
by Berner impactor and high volume filters [Muller et al., 2009]. Iodine oxide was
also measured by cavity ringdown spectroscopy (CRDS) as part of the campaign in a
field test at Roscoff, France, 3.98° W, 48.73° N, in September 2006 [Wada et al.,
2007].
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5.2.5 Scripps Pier
Analysis of dihalogen species were performed by atmospheric pressure chemical
ionization tandem mass spectroscopy from 2nd to 29th January 2006 at Scripps Pier, La
Jolla, California 32.87o N, 117.25o E [Finley and Saltzman, 2008].

5.2.6 Bellows Air Force Station, Hawaii
Between 4th and 29th September 1999 measurements were made at Bellows Air Force
Station, Oahu, Hawaii, 21.37 oN, 157.72o E’.

Aerosol ionic composition was

determined by IC for the anions present, atomic absorption spectrophotometry (AA)
used for metallic cations and ammonium by automated colorimetry. Aerosol pH’s
were calculated from these data. Chlorine species, HCl and Cl* (Cl, ClO, HOCl and
Cl2) were determined by IC [Pszenny et al., 2004].

5.2.7 Precursors to Particles
The Precursors to Particles (P2P) campaign was conducted at Cape Grim, Tasmania,
40.68°S , 144.69°E, from 10 February to 1 March 2006, where VOC’s and OVOC’s
were measured by proton transfer reaction mass spectrometry (PTR-MS)[Galbally et
al., 2007]. Also included in the review are halocarbon data collected at the same site
from 1998 – 2001.

Measurements for these data were performed by GC-MS

[Simmonds et al., 2004].

5.2.8 Aerosol Characterization Experiment 1
The first Aerosol Characterization experiment (ACE1) was conducted in the clean
Southern Oceanic MBL south of Tasmania in December 1995 from the C130 National
Centre For Atmospheric Research airborne platform in a Lagrangian experiment with
multiple flights and from a ground based platform on Macquarie Island 54.50o S,
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158.95 o E. Aerosols were measured at Macquarie Island as part of this campaign by
a differential mobility particle sizer (DMPS) [Brechtel et al., 1998].
Table 8 contains the location s of the analysis sites and the gases measured at the site.
Table 8 summarises the location of the analyses sites for a number of atmospheric species.

Campaign

Location

NAMBLEX

Mace

Gases measured
Head,

Ireland, O3, CO, DMS, NO, NO2,

53.32oN, 9.90oW

NOy,

VOC’s,

oVOC’s,

halocarbons, halogens
Polarstern

Bremerheven, Germany to CO, CHBr3, BrO, OCS
Cape Town, South Africa

ACE2

Sub-tropical

Atlantic OCS

Ocean
RHaMBLe

Tropical

North

Atlantic CO, NO, NO2 , ∑NOy,

Ocean

VOC’s,

OVOC,s,

CHx,

halogens, aerosols, IO,
Scripps Pier

Jolla, California 32.87o N, Dihalogens,
117.25o E

Bellows

Oahu, Hawaii, 21.37 oN, Aerosols, chorine species,
157.72o E’

P2P

ACE1

Cape

Grim,

Tasmania, VOC’s,

40.68°S , 144.69°E

halocarbons,

Airborn, and

Aerosols

Macquarie Island 54.50o S,
158.95 o E
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OVOC’s,

5.3 Composition of the Marine Boundary Layer as Measured in
the Campaigns
5.3.1 O3, CO and DMS
Similar ozone concentrations of around 15-45 ppb were reported in both NAMBLEX
[Heard et al., 2006] and RHaMBLe [Lee et al., 2009] campaigns.

Northern

hemisphere CO levels during NAMBLEX [Heard et al., 2006], the final Polarstern
cruise [Carpenter et al., 2007] and RHaMBLe [Lee et al., 2009] varied between 60
and 140 ppb with lower values of about 50ppb reported from the southern hemisphere
site at Cape Grim [Galbally et al., 2007]. Polarstern minima mixing ratios were
recorded south of the equator [Carpenter et al., 2007]. DMS reached a maximum of
1600ppt under marine influenced conditions [Heard et al., 2006]. OCS measurements
on the first two Polarstern cruises indicated a boundary layer mixing ratio of around
500 ppb [Xu et al., 2001].

A summary of marine boundary layer campaign

measurements for O3, CO and DMS are shown in Table 8.

Table 9: Summary of campaign measurements of ozone, CO and dimethylsulfide in the marine
boundary layer.

Analyte Campaign

Instrumentation

Background Latitude
Range (ppb) (o N)

Ozone
CO

NAMBLEX UV

10-45

53

RHaMBLe

20-45

17

NAMBLEX GC-UV/FID

60-120

53

Polarstern

FL

60-100

±25

RHaMBLe

UV FL

80-140

17

P2P

No information available 50

UV

-41

DMS

NAMBLEX GC-FID

Up to 1.6

53

OCS

Polarstern 1

GC-FPD

474

±25

Polarstern 2

GC-FID

502

±25
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5.3.2 Nitrogen species
Clear diurnal cycling can be seen in the time series of NO from NAMBLEX [Heard
et al., 2006] and to a much lesser extent in RHaMBLe [Lee et al., 2009] with minima
in both campaigns falling under the detection limit at night. Daytime mixing ratios of
up to 50ppt were recorded during NAMBLEX [Heard et al., 2006] with much lower
maxima of up to 5ppt reported in RHaMBLe [Lee et al., 2009]. Diurnal cycling of
NO2 was also observed in NAMBLEX [Heard et al., 2006] and again to a less clear
degree in RHaMBLe [Lee et al., 2009] with daytime minima falling under the limit of
detection on a number of occasions for both campaigns. NAMBLEX nighttime
maxima of up to 200ppt [Heard et al., 2006] were about a factor of ten higher than
the 15ppt maxima recorded in RHaMBLe [Lee et al., 2009]. ∑NOy varied from the
limit of detection up to 400ppt during NAMBLEX [Heard et al., 2006]. These results
are summarized in Table 10.

Table 10: Summary of campaign measurements of nitrogen species in the marine boundary
layer.

Analyte
NO
NO2
∑NOy

Campaign

Instrumentation

Background

Latitude

Range ppt

(o N)

NAMBLEX

CL

0-50

53

RHaMBLe

CL

0-5

17

NAMBLEX

CL

0-200

53

RHaMBLe

CL

0-15

17

NAMBLEX

CL

0-400

53

5.3.3 VOC’s and OVOC’s
Background CH4 concentrations, the highest of all VOC’s, were about 800ppb in
NAMBLEX. Methanol’s mixing ratio never dropped below 500ppt during the
NAMBLEX campaign with values reaching up to 1100ppt in maritime westerly winds
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[Lewis et al., 2005].

Southern hemisphere methanol concentrations in the P2P

campaign showed a much lower mean value of 476ppt. Ethane followed the same
pattern with a mixing ratio at 700ppt, in RHaMBLe [Lee et al., 2009] which was
approximately five times higher than the southern hemisphere value of 150ppt from
P2P. Acetone mixing ratios were also similarly effected with mixing ratios reported
from NAMBLEX at a range of 400-600ppt [Lewis et al., 2005] which was a factor of
four greater than the mean value, 118ppt, reported from P2P. Ethene mixing ratios
from NAMBLEX, 10-100ppt [Lewis et al., 2005], and RHaMBLe, 20ppt mean [Lee
et al., 2009], show broad agreement as do acetylene values of 20-140ppt in
NAMBLEX [Lewis et al., 2005] and 100ppt mean in RHaMBLe [Lee et al., 2009].

A wide range of values were reported for acetaldehyde with NAMBLEX mixing
ratios of 20-600ppt [Lewis et al., 2005], RHaMBLe mean value of 1000ppt [Lee et
al., 2009] and a dramatically lower, <4ppt, reported from P2P. Propane mixing ratios
were in good agreement between NAMBLEX, 10-50ppt [Lewis et al., 2005] and P2P,
13ppt, as were propene values of 0-50ppt [Lewis et al., 2005] and 15ppt for the two
respective campaigns. Isoprene measurements during NAMBLEX yielded a mean
mixing range from 0-100ppt [Lewis et al., 2005]. A summary of the measurements of
VOCs and OVOCs is given in Table 11.
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Table 11 Summary of campaign measurements of marine boundary layer VOCs and OVOCs.

Analyte

Campaign

Instrumentation

Background

Latitude

Mean/range ppt

(o N)

Methane

NAMBLEX

GC-FID

800ppb

53

Methanol

NAMBLEX

GC-FID

500-1100

53

Methanol

P2P

PTR-MS

476

-41

Ethane

RHaMBLe

GC

700

17

Ethane

P2P

PTR-MS

155

-41

Ethene

NAMBLEX

GC-FID

10-100

53

Ethene

RHaMBLe

GC

20

17

Acetylene

NAMBLEX

GC-FID

20-140

53

Acetylene

RHaMBLe

GC

100

17

Acetone

NAMBLEX

GC-FID

400-600

53

Acetone

P2P

PTR-MS

118

-41

Acetaldehyde NAMBLEX

GC-FID

20-600

53

Acetaldehyde RHaMBLe

GC

1000

17

Acetaldehyde P2P

PTR-MS

<4

-41

Propane

NAMBLEX

GC-FID

10-50

53

Propane

P2P

PTR-MS

13

-41

Isoprene

NAMBLEX

GC-FID

0-100

53

Propene

NAMBLEX

GC-FID

0-50

53

Propene

P2P

PTR-MS

15

-41

5.3.4 Halogen species
Cl2 and Br2 were quantified at similar concentrations of 2.3ppt in Hawaii. Cl* values
were within the same range for Hawaii [Pszenny et al., 2004], 6ppt, and RHaMBLe,
0-50ppt [Wada et al., 2007]. HCl also showed similar mixing ratios in Hawaii,
100ppt [Pszenny et al., 2004], and RHaMBLe [Wada et al., 2007], 50-200ppt. BrO
was measured at 2.3ppt during NAMBLEX. I2 measured during NAMBLEX at 0-
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20ppt showed a much larger mixing ratio than the 0.7ppt mean mixing ratio measured
at Scripps Pier. IO measured during NAMBLEX at a concentration range of 0-4ppt
was much lower than the 0-50ppt measurement at Roscoff. The high IO mixing ratio
is consistent with other IO data as it is an in situ point measurement compared to
mixing ratios reported by MAX-DOAS which are mixing ratios over the entire
instrumental pathlength. Halogen species were measured as part of NAMBLEX
[Heard et al., 2006], Scripps Pier [Finley and Saltzman, 2008], Hawaii

and

RHaMBLe [Lee et al., 2009]. The results are summarized in Table 12.

Table 12: Campaign measurements of halogen species in the marine boundary layer.

Analyte

Campaign

Instrumentation

Background

Latitude

Mean/range ppt

(o N)

Cl2

Scripps Pier

ACPI-MS/MS

2.3

33

Cl*

Hawaii

IC

6

21

Cl*

RHaMBLe

IC

0-50

17

HCl

Hawaii

IC

100

21

HCl

RHaMBLe

IC

50-200

17

Br2

Scripps Pier

ACPI-MS/MS

2.3

33

BrO

NAMBLEX

MAX-DOAS

2.3

53

I2

NAMBLEX

MAX-DOAS

0-20

53

I2

Scripps Pier

ACPI-MS/MS

0.7

33

IO

NAMBLEX

MAX-DOAS

0-4

53

IO

Roscoff

CRDS

0-50

49

5.3.5 Halocarbons
The ranges of CH3Cl mixing ratio were similar in NAMBLEX, 450-550ppt[Heard et
al., 2006], and ACE1, 510-570ppt [Simmonds et al., 2004]. CH3Br mixing ratios
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were also similar with the range of mixing ratios in NAMBLEX from 8-12ppt [Heard
et al., 2006] and ACE1 from 7.1-8.4ppt [Simmonds et al., 2004]. The 0-6ppt CHBr3
mixing ratio range reported in NAMBLEX [Heard et al., 2006]was significantly
higher than the 0.5ppt reported in RHaMBLe [Lee et al., 2009], and the Polarstern
cruise 0.5-1.6ppt [Carpenter et al., 2007]. The maximum mean mixing ratio reported
from the Polarstern cruise was 1.5ppt and was recorded over the equator with mean
value decreasing to 0.5ppt as the ship cruised southwards from the equator [Carpenter
et al., 2007]. These measurements are summarized in Table 13.

Table 13 Summary of halocarbon measurements in the marine boundary layer

Analyte
CH3Cl
CH3Br
CHBr3

Campaign

Instrumentation

Background

Latitude

Mean/Range ppt

(o N)

NAMBLEX

GC-MS

450-550

53

ACE1

GC-MS

510-570

-41

NAMBLEX

GC-MS

8-12

53

ACE1

GC-MS

7.1-8.4

-41

NAMBLEX

GC-MS

0-6

53

RHaMBLe

GC-MS

0.5

17

Polarstern

GC-MS

1.6

5 – (-5)

Polarstern

GC-MS

0.6

(-5) – (-15)

Polarstern

GC-MS

0.5

(-15) – (-25)

5.3.6 Aerosols
Measurements of aerosol mass concentration and number concentration in the marine
boundary layer are summarized in Table 14. Mass concentrations of 24.2 µg/m3
measured by high volume filters (HVF) were about one third higher than the 17µg/m3
when measured by Berner Impactors (BI) during RHaMBLe [Lee et al., 2009].
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Number concentration of 550-800/cm3 reported in RHaMBLe [Lee et al., 2009] were
very similar to the 675/cm3 mean reported in ACE1 [Brechtel et al., 1998].

Table 14: Mass and number concentrations for marine boundary layer aerosols.

Analyte

Campaign

Instrumentation

Background

Latitude

Mean

(o N)

Mass

RHaMBLe

BI

17µg/m3

53

concentration

RHaMBLe

HVF

24.2 µg/m3

53

Number

RHaMBLe

DMPS

550-800/cm3

53

concentration

ACE1

DMPS

675/cm3
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5.4 Possible Application of Remote Sensing FTIR to Characterise
the Marine Boundary Layer
Despite the efforts of the measurement campaigns described above, the atmospheric
chemistry of the marine boundary layer remains poorly understood because many of
the trace gases of interest exist at very low concentrations and are difficult to measure
especially on ship-borne platforms. Various suggested reaction cycles remain
unconfirmed due to the fact that key intermediate species such as hypobromous acid
(HOBr) and hypochlorous acid (HOCl), have yet to be identified in the atmosphere
[Thornton et al., 2010].
Remote sensing of atmospheric trace gases by ground-based solar FTIR spectroscopy
presents an intriguing possibility to detect such missing species. The use of spectra
recorded at dawn (or dusk) with the sun rising over the ocean provides very large
path-lengths through the marine boundary layer and thereby increases the sensitivity
of the measurements to many species with low concentrations.
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Possible target species of interest to marine boundary layer chemistry that have
infrared signatures but are yet to be detected in the atmosphere are HOCl, N2O5, and
ClNO2. Additionally, earlier remote sensing FTIR measurements from Wollongong
have suggested a possible ocean source of OCS [Griffith et al., 1998], so
measurements made through the marine boundary layer might provide further
evidence for this.

Free Troposphere

Daytime
Noon

Refraction

PBL

Dawn

MBL

Building 18
Ocean

Figure 36 The trajectory of the light ray’s path to the instrument at dawn and noon. The
atmospheric pathlength is at a minimum at noon and a maximum at dawn.

The Pacific Ocean lies approximately 3km east of the measurement site at
Wollongong and so for this application spectra must be recorded at dawn. The
geometry of recording spectra at dawn places the sun’s ray passing through the MBL
yielding spectra which may have high information content for that part of the
atmosphere.
The geometry also greatly enhances the atmospheric pathlength (see Figure 36) and
thereby increases the number of molecules of each species absorbing the solar
radiation. This results in enhanced spectroscopic features of atmospheric constituents
(see Figure 37).
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Figure 37: Synthetic solar spectra of the trace gas OCS. Both spectra have been generated with
the same mixing ratio profiles but the red spectrum was simulated at a SZA of 45° with the blue
simulated at a SZA of 90°.

From Figure 37 the enhancement of spectroscopic features a higher SZA is obvious.
The highest intensity OCS absorption feature (at 2925.75cm-1) has a depth of 0.4% in
the spectrum taken at a SZA of 45° but is a 5.4% feature in the dawn spectrum (taken
at a SZA of 90°). This thirteen-fold increase in the feature should in theory make it
detectable above the noise in the 100% level in early morning spectra. (This may also
be the case for other tropospheric species of interest whose concentrations are
normally too low for detection.) The enhancement of features in early morning
spectra occurs for all absorbing species and this presents a problem in that many
regions of the spectrum are saturated in these spectra. In this context it is worth taking
a look at the H2O spectra in Figure 38. The enhancement of the dawn H2O features
blacks out much of this spectral region and, indeed, much of the whole infrared
spectrum. Clearly detection of trace gas species in the atmosphere will only be
possible in spectral regions that are not fully saturated.
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Figure 38: Two synthetic H2O spectra, the red was simulated at a SZA of 45°and the blue was
simulated at a SZA of 90° using the same vertical mixing ratio profiles. The spectrum in green, is
a simulation containing all the major atmospheric gases with significant absorption features in
this spectral region (also at a SZA of 90°).

5.5 The challenge of collecting dawn spectra from Wollongong
A number of significant challenges needed to be overcome for the successful
collection of atmospheric absorption spectra at dawn from the University of
Wollongong. The first challenge was to calculate when sunrise would be visible over
the horizon between trees because the view to the horizon is obstructed by a number
of buildings and large trees (see Figure 39). Frustratingly the situation became worse
after the conception for this study as building works and tree growth narrowed the
field of view further.
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Figure 39: Photograph of the line of sight to the horizon over the Pacific Ocean visible through
the gap between the trees from the roof of the building at the University of Wollongong hosting
the solar tracer coupled to the remote sensing FTIR spectrometer

Some compass work and calculations of solar azimuth angles established that the
rising sun should be visible to the instrument through a gap in the trees from the 10th
September to the 12th October 2009 and the 1st to the 30th March 2010.
Even during these times, recording solar spectra at dawn presents a challenging set of
both spectroscopic and technical issues. Low solar intensity at the instrument and
rapidly changing airmass are the two most important issues to be considered in terms
of spectroscopy. Consideration is also given to the technical issue of focusing the
solar tracker successfully on the centre of the solar disk.

The extended atmospheric pathlength of the experiment at dawn leads to a decrease in
the solar radiation reaching the detector. This has an obvious effect on the signal to
noise ratio of the experiment. In an attempt to increase the signal to noise ratio the
aperture was set to 2mm, a large increase from the usual 0.8mm used in daytime
measurements. As the Sun rises higher in the sky the aperture needs to be stopped
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down to prevent saturation of the detector and so the spectra with lower SZAs were
recorded with smaller apertures.

Rapidly changing air masses are a major issue to be considered in early morning
spectroscopy. As the Earth rotates, the path-length from the Sun to the FTIR
spectrometer on the ground changes. The rate of change is at a maximum at dawn
and dusk and at a minimum at noon. As can be seen in Figure 40 the atmospheric
pathlength decreases accordingly.
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Figure 40: Airmass vs SZA as calculated for the 12th Oct 2009. The rapidly changing airmass is
observed for SZAs above 80o.

To minimise the effect of airmass change it was decided to record spectra as rapidly
as possible. Since the pathlength at dawn is dominated by the boundary layer,
absorption features will be pressure broadened and thus the highest spectral resolution
is not required. Spectra were recorded at the maximum mirror velocity allowed by
the instrument with a maximum optical pathlength of 22.5 cm (corresponding to a
resolution of 0.04 cm-1) and an aperture setting of 2mm. This produced two scans

- 75 -

(forward and backward) at 10 second intervals which were co-added to produce the
final spectrum.

Another major technical issue with the experiment was the deployment of the solar
tracker. The solar tracker used in this study can operate in two modes of tracking. In
normal solar tracking mode the tracker is directed to the calculated position of the Sun
in the sky and then a quadrant detector is utilised to actively track the Sun to ensure
that the solar disc is correctly focused onto the entrance aperture of the spectrometer.
The active tracking is only employed when solar intensity is above a set threshold.
When the solar intensity is below this threshold then the tracker is simply directed at
the calculated position of the sun, with no further adjustment. This mode is called
passive tracking. For this experiment the threshold was reduced by a factor of 3, but
despite this for nearly all spectra the intensities were below the threshold and so the
spectra were recorded using passive tracking mode. The operation of the solar tracker
in this mode may mean that the solar image is not correctly centred on the
instrument’s entrance aperture and this could lead to distortion of the spectrometer’s
instrument line-shape.

5.6 Successfully collected spectra
Despite many days being lost to cloud cover (either throughout the day or just on the
horizon at dawn) spectra were successfully recorded with very high SZAs at dawn
from the University of Wollongong, in September and October 2009 and again in
March 2010. From the 10th of September to the 12th October 2009 and the 1st to the
30th March 2010 the rising maritime sun was visible to the instrument through a gap
in the trees and spectra were recorded when the clear sky conditions were present.
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During these campaigns spectra were recorded above 88o on 11 separate days. High
SZA examples of all filter regions were recorded on the 25th, 27th and 30th September
2009, the 12th October 2009 and on the 16th, 17th, 18th and 20th of March 2010 (see
Figure 41). It should be noted that early on the 23rd of September 2009 a major dust
storm from the continental interior passed over the site depositing a fine layer of
orange dust over the region. Some spectra were recorded on this day but there were
problems with cloud interference. The successful collection of solar spectra through
the marine boundary layer began two days after this event.
Solar spectra were recorded through seven different infrared filters. These
filters span the electromagnetic range from 650cm-1 to 4000cm-1. The bandpass range
for each filter and the type of detector employed is listed in Table 15.

Table 15: Bandpass range for each of the seven filters and detector types used in this experiment.

Filter #

Start at cm-1

Finishes cm-1

Detector

1

3950

4400

InSb

2

2900

3400

InSb

3

2400

3200

InSb

4

2000

2600

InSb

5

1900

2200

InSb

7

950

1300

MCT

8

700

1050

MCT
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Figure 41 Examples of early morning spectra for the seven different filter regions. F3 in black has been scaled down by a factor of 4 for easier comparison.
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5.7 The Search for Target Species in Marine Boundary Layer
Spectra
This thesis examines the possibility of detecting very low concentrations of gases
within the marine boundary layer due to the enhancement of absorption features
resulting from the very long path-lengths at dawn. Of particular interest here are the
species, N2O5, HOCl and OCS. N2O5 is a night time NOX reservoir and, along with
HOCl, is considered important in the night time generation of atomic chlorine, which
in turn effects the oxidising capacity of the atmosphere, [Pechtl and von Glasow,
2007], [Thornton et al., 2010]. OCS is the major atmospheric sulfur reservoir and the
marine boundary layer is suspected of playing an important role both as sink and a
major source for this important gas, [Xu et al., 2001].

A number of synthetic gas spectra of gases of interest were plotted alongside
examples of the high SZA spectra to identify the location of spectral features of
interest. The synthetic spectra were calculated at a SZA of 70o under arctic conditions
and thus are only indicative of where the species of interest has absorption features.
The spectra are shown below in Figure 42 as plots of solar intensity (in arbitrary
units) against wavenumber (cm-1).

5.7.1 Dinitrogen pentoxide (N2O5)

As can be seen from Figure 42 the absorption features for N2O5 coincide with parts of
the spectrum that are already saturated due to the absorptions of other gases.
Consequently this technique has no sensitivity to N2O5.
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Figure 42: Two high SZA spectra using different optical filters (blue= F8 & red= F7) are compared to a simulated N2O5 spectrum (green). The N2O5 features do
not coincide with regions where we have any sensitivity and so the technique cannot be used for measurement of N2O5.
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Figure 43 A high SZA spectrum (blue) is compared to a HOCl simulated spectrum (red). Both spectra have been magnified and are not to scale. A number of
spectral regions where HOCl absorbs and solar transmission occurs (in the simulated spectra) are clearly visible in this plot.
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5.7.2 Hypochlorous acid (HOCl)
The situation is better for HOCl as the spectral region where HOCl is infrared active
is not blacked out in the early morning spectra. However the HOCl features are not
visible in the recorded spectra. The failure of this method to detect HOCl in the
atmosphere is not evidence that it is not present in the marine boundary layer. Instead
the combination of the small absorption features expected and the low signal-to-noise
achieved in the dawn spectra mean that HOCl is below the detection limit for the
method. Due to the many factors that contribute to the detection limit, it is beyond the
scope of this study to determine exactly what the detection limit is. However because
the spectra are not saturated across the spectral region of interest with a modification
to the technique a measurement of HOCl may become possible.

One obvious

improvement to the sensitivity that could be made is to use a much narrower optical
bandpass filter to improve the signal-to-noise in the spectra. It is possible that such a
technique might yield an atmospheric detection of HOCl.

5.7.3 Carbonyl sulfide (OCS)
The first step in analysing for OCS was to find appropriate spectral features which
were visible in the earliest spectra. The use of SIMUL software allowed us to
generate synthetic spectra under similar geophysical conditions to which the
experimental spectra were recorded. A volume mixing ratio of 400ppt was selected
for the troposphere with a sharp decline above the tropopause to close to zero at about
25km. This was to allow the SFIT2 fitting algorithm to scale up the tropospheric
amounts. SFIT2 is less prone to instability when a low value is used for the a-priori.
Spectral regions where OCS absorption features are located were simulated under the
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aforementioned conditions. The spectral region examined extended from 2000cm-1 to
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Figure 44 shows a simulated OCS spectrum from 2000cm-1 to 2100cm-1. This spectrum was
simulated with a SZA of 90.o and shows many of the absorption features to be saturated.

Having identified spectral regions of interest using SIMUL the next step was to
perform a degrees of freedom analysis using SFIT2 software. This analysis was
performed on a number of synthetically simulated OCS spectra above using a
theoretical signal to noise of 100. The analysis quantifies the information content of
the spectrum for a number of vertically resolved atmospheric layers. In this analysis
the atmospheric layer of most interest is the 0-1km layer i.e. the boundary layer.
The spectra were simulated for a number of different SZA’s. The SZA’s used to
simulate the spectra were chosen to match those of spectra experimentally recorded
on the 12th October 2009. This model analysis was performed on the microwindow
centred at 2052.71cm-1 using a multi-angle analysis.

This multi-angle analyses

considers a number of spectra calculated at a range of SZA’s together. The initial
results of this analysis were very promising with the degrees of freedom for signal for
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this layer calculated as close to 1 using a multi angle analysis. The data presented in
Figure 45 shows the calculated degrees of freedom for eight model atmospheric layers
as indicated in the legend on the right hand side of Figure 45. As can be seen in
Figure 45 the information content for the 1-0km layer is close to 1 and, also,
information content for the layer is relatively free from interferences from other
atmospheric layers.

Figure 45 Degrees of freedom for signal of different atmospheric layers with a multi angle
analysis. The specie under examination here is OCS. Angles used in the calculation here are
representative of early morning spectra. Included are plots of the degrees of freedom for each
individual layer. These are representative of the sensitivity of the SFIT2 calculations to changes
in the chemical compostion of individual layers.

The choice of a signal to noise ratio of 100 proved to be unrealistic however when the
SFIT2 analysis was performed. The actual signal to noise ratio observed for the
microwindow centred at 2052.71cm-1 was less than 20 for all spectra recorded at
SZAs greater than 85o, Figure 46. This led to the observation of errors of the order of
100% for all tropospheric layers analysed, Figure 47.
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Figure 46 shows the OCS microwindow centred at 2052.71cm-1 overlaid on two experimentally
recorded spectra. Very low signal to noise ratio characterise these high SZA features and cause
high uncertainty in both GFIT and SFIT2 analyses.
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Figure 47 shows the layer by layer OCS vertical profiles calculated for four spectra recorded at
high SZAs by SFIT2. Large errors in the SFIT2 calculation for the individual layers make a
realistic characterisation of boundary layer OCS unlikely.

GFIT analyses were also performed on these spectra but, like with SFIT2, large
uncertainties made any sensitivity to boundary layer OCS unattainable using the
current experimental setup, Figure . It may be possible however to improve the signal
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to noise ratio in high SZA spectra by the use of an infrared filter with a much
narrower bandwidth than currently utilised. It may also be possible to increase the

vertical scaling factor

signal to noise by taking longer to record spectra.
OCS vertical scaling factors calculated by GFIT for
high solar zenith angle spectra
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Figure 48 shows the results from the GFIT analyses of spectra recorded on the 12th October,
2009. The vertical axis shows the factor by which the a-priori column was scaled to obtain the
optimum fit. These analyses were performed using the microwindows centred at 2053.71cm-1.
The large uncertainty, especially in the highest SZA spectra, is similar to that seen in the SFIT2
analyses.

5.8 Concluding comments regarding Remote Sensing of the
Marine Boundary Layer
Very high SZA spectra (SZA > 88°) were successfully recorded with the sun rising
over the ocean at the University of Wollongong on 11 separate days (despite the
technical challenges presented by the limited view of the horizon at dawn). Some
example high SZA spectra were obtained for each of the 7 different optical bandpass
filters used. Many of the spectral regions of interest for target trace gas species were
saturated in the high SZA spectra making retrievals of gases such as N2O5 impossible.
The spectral region where HOCl absorbs is not saturated in the example spectra from
Wollongong but there was not evidence of absorption features of HOCl in the spectra.
It is thus possible that remote sensing FTIR might be a suitable technique for use in
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the hunt for atmospheric HOCl if the signal-to-noise could be improved e.g. by use of
a narrow optical bandpass filter.

Retrievals of OCS using GFIT profile scaling [Washenfelder et al., 2006] have so far
resulted in large uncertainties and attempts to get a stable retrieval by SFIT2 optimal
estimation [Pougatchev et al., 1995] have so far failed. Any mechanism which
improves the signal-to-noise of the spectra may lead to more stable retrievals being
obtained.
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Chapter 6 Summary and Conclusions
The overall objective of this thesis was to improve our knowledge of the changes in
the atmospheric concentrations of a number of important trace gases over
Wollongong, Australia. The work described here includes the measurement of trace
gas concentrations by solar Fourier transform infrared spectroscopy over a three year
period. In addition a feasibility study was undertaken into the application of solar
Fourier transform infrared spectroscopy to measuring trace and ultra-trace gases
within the marine boundary layer.
Three specific aims were outlined in the introduction to this thesis and a description of
how these were met now follows.

Aim 1: To master the operation of the remote sensing Fourier
transform spectrometer
In my time as part of the atmospheric chemistry group I was on the routine roster to
operate the HR125 solar remote sensing Fourier transform spectrometer.

This

involved operating the instrument one week in every five weeks. The operation of the
instrument is mainly by computer control to operate the solar tracker and spectrometer
together. Once running the instrument is autonomous but there are a few quality
control checks that need to made throughout the day as well as monitoring of the sky
conditions for rain, for which the instrument needs to be shut down.

Weekly

operation also involves changing the beamsplitters, evacuating the spectrometer and
swapping over the measurement cycle in the software. As part of the daily routine I
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also performed the daily cleanup and analysis of the collected spectra by running a
suite of computer applications on the collected spectra.
In addition to contributing to the routine collection of spectra from the solar remote
sensing FTIR spectrometer it was also solely my responsibility to collect early
morning spectra on the appropriate days for the marine boundary layer investigation.
During this investigation I learned about how to adapt the measurement parameters
(such as scan velocity, entrance aperture and resolution) to optimise the collection of
dawn spectra.

Aim 2: To retrieve total column amounts of key atmospheric
gases from the spectra
As part of my research I learned how to perform complex mathematical calculations
to extract atmospheric information from the solar spectra recorded. This involved the
identification and selection of spectral microwindows where gases of interest show
absorption features which may be measured. The selection of these microwindows
was performed using SIMUL software. This program was used to simulate synthetic
spectra for individual atmospheric gases, from which, suitable features were chosen.
Once the microwindows had successfully been selected, GFIT and SFIT2 algorithms
were deployed to calculate the total column amounts of particular gases.
The results of these analyses were collated with the daily averages of each species
being calculated for all days available in the time period studied. The time series of
these gases’ daily averages were examined with the annual trends and seasonal cycles
of each gas calculated using a least squares fitting algorithm and bootstrap reanalysis.
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Aim 3: To investigate the application of the method to studying
the marine boundary layer
As previously mentioned I was responsible for the collection of a unique set of early
morning spectra taken at high SZAs with the sun rising over the Pacific Ocean.
Whilst a combination of saturation of the spectra and low signal to noise ratios in the
regions of interest prevented the successful quantification of OCS in the marine
boundary layer and the detection of “missing” atmospheric species, there were some
useful lessons learned from the exercise. These included the ruling out of remote
sensing FTIR as a technique capable of detecting N2O5 in the atmosphere and the
confirmation that the method could be capable of detecting HOCl if the signal-tonoise ratio could be increased sufficiently. Similarly improved signal-to-noise ratios
may enable the method to quantify the partial column of OCS present in the marine
boundary layer and hence determine the existence (or otherwise) of an ocean source
of this atmospheric trace gas.

As part of this investigation I also learned to use the SFIT2 computer application used
to determine the vertical profiles of atmospheric constituents.

Although no

meaningful results were returned by SFIT2 due to low transmission of solar infrared
radiation the possibility of obtaining useful data by changing some of the instrument
parameters has been highlighted.
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